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Abstract — Biochars are emerging ecological products that show excellent properties in areas such as 
carbon sequestration, soil improvement, bioremediation, activated carbon and bioenergy. These interesting 
materials can be synthesized from a wide variety of sources derived from waste, including lignocellulosic 
biomass waste. In this work, biochars were produced from residues from the Brazilian Amazon, such as 
green coconut, babassu and Brazil nuts. The synthesis of biochars was performed under pyrolysis 
conditions with a fixed time of 3 h and temperature variation of 250 °C (Ti) and 400 °C (T 2 ). Yields of 
biochar production >85%, carbon contents >56%, and oxygen contents >20% and calorific values >23 
MJ.Kg 1 , demonstrate that biochars produced from residual biomass can be used as activated carbon and 
also as fertilizers in soils, thus adding value to such residues. Besides, the biomasses used were 
characterized and the achieved remarkable yields of fermentable sugars, reaching up to 70% in cellulose 
hydrolysis, which can be useful in the production of bioproducts. In addition, the efficient use of these 
biomasses will positively impact the productive chains involved, benefiting society, generating employment, 
income, Besides as mitigating an environmental liability. 
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I. INTRODUCTION 

Biomass is an abundant and renewable resource, since, 
it comes as residual from economic conversion processes. 
Has been widely used, as raw material for the chemicals 
production and excellent energy supply, as a biofuel 
[1,2,3]. 

The main process involving biomass are hydrolysis and 
pyrolysis. For hydrolysis, the use of acid-catalyzed (diluted 
and/or concentrated), in mild conditions (<200 °C), is 
favorable to hydrolysis the hemicellulose, or in drastic 
conditions (high temperature), the chemical bonds, from 
cellulose fraction, glycosidic bonds P-(l—>4), are break. 
Consequently, this process can be optimized according to 
the time, temperature and type of catalyst, in order to 


increase the yield of the desired final product [4,5,6]. 
Meanwhile, pyrolysis is performed according to the desired 
results. Slow pyrolysis, for example, is preferred to 
increase the yield of biochar; fast pyrolysis is to increase 
the yield of bio-oil [7]. Both are thermochemical processes 
carried out at a temperature of around 500 0 C, in an 
oxygen-free environment [8]. 

Biochar is a solid by-product of pyrolysis and has been 
attracting attention. Due to a large surface area and special 
characteristics, like the functional oxygen groups, mineral 
fractions and aromatic carbon, playing a fundamental role 
in chemical adsorption. The adsorption property of the 
biochar makes it is a promising candidate for immobilizing 
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many types of contaminants, including heavy metals 
[9,10]. 

In addition, lignocellulosic biomass can be converted 
into fermentable sugars, mainly glucose and xylose, via the 
hydrolysis process [11], which can be used as a carbon 
source to produce, for example, bioethanol [12], levulinic 
acid (LA), formic acid (FA), 5-hydroxymethylfurfural 
(HMF) and furfural (FF) [13, 14]. The extraction of lignin 
occurs as a residue of hydrolysis, which can be used to 
generate heat, bio-oil and activated carbon [15,16,17]. 

In this context, the aim of this study was to determine 
the use of lignocellulosic residues (biomass) deposited 
from Amazon forest as an alternative energy source and its 
bioproducts, through the evaluation of biochar production 
and fermentable sugars from a green coconut, babassu and 
Brazil nut shell. 

II. MATERIALS AND METHODS 

2.1 Raw Material 

Four raw materials were used to produce biochar: green 
coconut mesocarp (MC), babassu mesocarp (MB), Brazil 
nut shell pericarp (PC) and Brazil nut shell endocarp (EC). 
All samples were obtained in the Northern region of Brazil. 

The green coconut residue (Cocos nucifera) was 
obtained from the commercial disposal of the raw material, 
after the withdrawn of liquid albumen (coconut water). The 
Brazil nut shell (Bertholletia excelsa) residues, were 
supplied by EMBRAPA Amazonia Oriental, and babassu 
(Orbignya phalerata) supplied by Tobasa Bioindustrial. 

The collected samples were dried at room temperature, 
then in an oven at 50 °C, crushed in a knife mill (Wiley 
type TE-650/1), sieved at 0.354 mm (45 mesh), and then 
stored in flasks for further analysis. All tests were 
performed in duplicate. 

2.2 Biomass characterization 
2.2.1 Chemical analysis 

The samples were characterized according to the 
standard procedures of the American Society for Tests and 
Materials (ASTM). 

2.2.1.1 Moisture content 

The moisture content was determined (ASTM D3173 / 
D3173M-17) for 1 g of the ground and sieved sample, 
heated to 105 ± 5 ° C in an oven (Solid Steel SSD 110L) 
with air circulation for 12 h [18]. Then, it was placed in a 
desiccator for 20 min to be cooled and the moisture content 
was according to Equation (1): 
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Moisture (%) = J ^ E x 100 (1) 

Mi 

Where, Mi is the initial mass in grams of the sample; Mv is 
the mass of the sample in grams after heating. 

2.2.1.2 Ash content 

The ash content was determined in accordance with 
ASTM D3174-12, in which lg of the ground and sieved 
sample will be left in a muffle at a temperature of 600 ± 
50°C for approximately 4 h [19]. The difference between 
the initial and final weights provide the ash content, which 
can be determined according to Equation (2): 

CZ (%) = x 100 (2) 

Where, Mi is the initial mass in grams of the sample; Mv is 
the mass of the sample in grams after heating. 

2.2.1.3 Volatile matter content (VM) 

The volatile matter content (VM) was determined 
according to ASTM D3175-20. The analysis consists of 
using 1 g of the previously dried sample and placing it in a 
muffle at 800 ± 10°C for 8 minutes [20]. After this time, 
the sample is placed in a desiccator to be cooled, for 60 
min, then weighed. VM content according to Equation (3): 

VM (%) = x ioo (3) 

M i 

Where, Mi is the initial mass in grams of the sample; Mf is 
the mass of the sample in grams after muffle oxidation. 

2.2.1.4 Fixed carbon content (FC) 

The fixed carbon content is an indirect measure and 
was determined according to Cai et al. [21], Equation (4): 

FC (%) = 100 - (Moisture + Ash + VM) (4) 

Where, Moisture is the moisture content; Ash is the ash 
content; VM is the volatile matter content. 

2.2.2 Extractives 

The extracts were extracted using the Soxhlet 
apparatus. Approximately 3g of each sample was used. The 
reaction time was 8 hours, with 190 mL of 95% ethanol 
(v/v). The extractive content was determined according to 
the protocol of the National Renewable Energy Laboratory 
[22]. Afterwards, the samples were placed in petri dishes 
for 48 h to dry. Extraction mass and the initial mass (raw 
sample) were weighed and applying the Equation (5) to 
determine the extractives: 

Extractives (%) = - xlOO (5) 

mass of raw sample 
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2.2.3 Acid Hydrolysis 

The determination of carbohydrates and lignin were 
carried out using the standardized procedures of the NREL 
[23]. Thus, the acid hydrolysis of the sample was with 72% 
sulfuric acid and placed in a thermostatic bath at 30°C for 
lh. 

Then, 84 mL of water was added and placed in the 
autoclave (Phoenix) at 120°C for 1 h. The samples were 
vacuum filtered (LT 65, Limatec, coupled), separating the 
liquid fraction for analysis of structural carbohydrates and 
acid-soluble lignin (ASL) and the solid to obtain the 
content of acid-insoluble lignin, also called Klason lignin 
(LK). 

2.2.3.1 Lignin content 

For analysis of ASL the method used was UV-Vis 
spectroscopy (HACH/Germany, DR5000) with a 
wavelength of 294 nm in 4% H 2 SO 4 (m/v) white solution. 
For KL, the solids retained in filter crucibles were taken to 
an oven at 105 °C for analysis of acid insoluble residues 
(AIR) and then subjected to a temperature of 575 °C to 
measure acid insoluble ash (AIA). By difference of AIR 
and AIA, the insoluble lignin KL was obtained. From the 
sum of KL + ASL, Total Lignin (TL) was determined [23]. 

2.2.4 Determination of polysaccharides: Cellulose 

and Hemicellulose 

In order to measure the fibrous component of biomass 
(Hemicellulose and cellulose), the determination of neutral 
detergent fiber (NDF) and acid detergent fiber (FDA) was 
performed. For the FDA fiber content, approximately 0.6 g 
of the dry and defatted sample were weighed, placed in a 
non-woven fabric bag, which was digested with H2SO4 at 
1.25%, using the fiber digester model Marconi® MA- 
444/CI at 90°C. In the NDF, approximately 0.6 g of the dry 
and defatted sample (after extraction) was weighed, placed 
in a tissue bag of non-woven fabric, which were digested in 
1.25% NaOH using the fiber digester model Marconi® 
MA-444/CI at 90 0 C. After digestion, the samples were 
dried in an oven at 105°C until reaching the constant 
weight [24]. The moisture-free content of hemicellulose 
was estimated by the difference between NDF and FDA. 

2.2.5 Analysis of fermentable sugars: monomeric 

sugars 

The fermentable sugars, glucose, xylose and arabinose, 
in the liquid fractions of acid hydrolysis were determined 
using a PerkinElmer Series 200 chromatography 
equipment, equipped with the Phenomenex Rezex ROA- 
Organic acid H + column (8%), and refractive index detector 
model RID-10A brand Shimadzu. The volume of the 
injected sample was 20 pL in constant temperature at 60 


°C. The mobile phase used was H 2 SO 4 acid (5mM) with a 
flow of 0.6 mL min' 1 . The concentrations of glucose, 
xylose and arabinose produced in the reactions were 
identified using the retention times of the D-glucose 
(Sigma-Aldrich, PA), xylose (Sigma-Aldrich, > 99% 
purity) and arabinose (Sigma-Aldrich, > 98% purity), 
calculated from the 6-point calibration curves (R 2 > 0.99). 

The monomeric sugars concentrations, glucose, xylose 
and arabinose were determined as described by Lu et al. 
[25], using Equation (6). For the calculation, the correction 
factor of 0.88 (or 132/150) was used for C-5 sugars and 
0.90 (or 162/180) for C-6 sugars according to the NREL 
methods [23]. 

. . monomeric sugar X v X F 

Sugar content (%) =- X 100 

m 

( 6 ) 

Where, monomeric sugar is the concentration in (g/L) of 
hexose or pentose; m is the mass of the biomass used (g); v 
is the final net volume of the acid hydrolysis process (L); F 
is the correction factor. 

2.3. Bioproduct content 

The maximum yields of levulinic acid (LA), formic 
acid (FA) and furfural (FF) were estimated from the 
fermentable sugars obtained during the hydrolysis process, 
using Equations (7), (8) and (9), as Rambo et al. [26]. 


LA (%) = 0,5 x hexoses % 

(7) 

FF (%) = 0,5 x pentoses % 

(8) 

FA (%) = 0,2 x hexoses % 

(9) 

2.4. Biochar production 



2.4.1. Pyrolysis procedure 

The pyrolysis of the samples was carried out in a 
muffle furnace (Digimec FHMP) at different temperatures: 
250 °C and 400 °C, with an increase of 5 °C min' 1 . Upon 
reaching the desired temperature, the samples stay in the 
muffle for 3 h, then cooled in the desiccator and weighed 
to calculate the biochar production. To carry out the 
treatment’s porcelain crucibles (Chiarotti M-26) were used, 
these were filled with biomass and sealed in order to 
decrease O 2 during thermal degradation [27]. 

2.4.2. Pyrolyzed product 

The yield of pyrolyzed product (PY) was calculated 
from the ratio between produced biochar (mPB) and initial 
dry biomass (mIB), according to Bueno [28], Equation 
( 10 ). 

PYM=*£xl00 ( 10 ) 
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The pyrolyzed product (PP) was calculated by average 
of two pyrolysis in the same temperature (n=2). The 
experimental error was smaller than 0.5% by weight. 

2.5. Biochar characterization 

The basic guidelines for standard methods and 
properties of the biochar were followed the International 
Biochar Initiative - IBI (version 2.1) [29]. 

2.5.1. Elementary analysis and Calorific value 

The determination of the contents of carbon (C), 
hydrogen (H), nitrogen (N) and sulfur (S) was using the 
elementary analysis (Vario Macro CUBE - Elementar), 
and the oxygen (O) content was estimated according to 
ASTM D3176-15 [30]. 

The higher calorific value (HCV) was determined 
according to NREL/TP- 433-7965 [31], Equation (11), 
where A is ash. 

HCV C MJ.Kg “*) = 0.3491 x C + 1,1783 x H + 0.1005 xS- 0,1034 x O - 0,0151 x N - 0,0211 xA 

(ID 

2.5.2. pH 

The pH of the biochars was determined in water, with 
the digital pH meter (AKSO, AK90). The method was to 
add distilled water (ratio of 1:20 m/v), mixed to form a 
homogeneous suspension over the sample and after 1.5 h 
measure the pH [32]. 

2.5.3. Functional groups 

The technique Fourier-transform infrared spectroscopy 
(FTIR - Agilent Cary 630) was used to identify the 
functional groups on the biochar surface. The samples were 
scanned in two replicate runs. Spectral data were measured 
as absorbance (A) according to the equation: A=logl0 
(1/R), where R is the reflectance applied in the 
wavenumber from 4000 to 650 cm" 1 (mid-infrared region) 
with 4 cm -1 resolution and 32 scans. The final spectrum 
was obtained by averaging the two replicate spectra per 
sample. 

2.6. Activation of biochar 

Activated carbon was produced from the biochar 
obtained from pyrolysis. The biochar was immersed in a 
solution of zinc chloride - ZnCh, at a concentration of 10% 
(m/v) in the ratio of 1:5, covered with a plastic film and 
rest for 24 h. Following the protocol, after that time, the 
samples were washed with distilled water and dried in an 
oven at 110 °C. The washed material was placed in a 
crucible, sealed and pyrolyzed in a muffle furnace 
(Digimec FHMP) at 600 °C for 2 h. After pyrolysis the 
activated carbon was washed with a solution of 
hydrochloric acid - HC1 (2 moles.L' 1 ), to remove of ZnCU 


and unclog the pores. Finally, the sample was dried in an 
oven at 110 °C for 24 h [33]. 

2.7. Economic analysis 

The economic analysis was estimated in order to assess 
the viability of the production process, on a commercial 
scale, for the activated biochar, levulinic acid, formic acid 
and furfural. Considering only the investments and gross 
income, excluding the industrial reality. The calculation is 
based on the cash flow of inputs and outputs (Input-output) 
assuming the current market value [34]. The current market 
value was used for the bioproducts obtained and the 
reagents used. In contrast, zero cost for used waste was 
considered [35]. 

2.8. Statistical analysis 

To statistically compare the positive and negative 
relationship between the calorific value and the chemical 
composition of the biomasses, Pearson's correlation 
coefficients (r) were observed . The r value can vary from - 
1 to +1, where values close to +1 indicate a significant 
positive relationship, values close to -1 translate into high 
negative correlations and 0 means that there is no 
interaction. Generally, values above ± 0.6 mean that there 
is a considerable correlation between the variables [36]. 
The figures and statistics were created in the Origin 8.0 
program (OriginLab Corporation , USA , 2012). 

III. RESULTS AND DISCUSSION 

3.1 Physical-chemical characterization of raw 
biomass 

The results of moisture, ash, volatile matter and fixed 
carbon of the raw samples are shown in Table 1, as well as 
the majority chemical composition of the lignocellulosic 
biomasses (cellulose, hemicellulose and lignin). 

It is worth mentioning that the composition of these 
constituents varies from one species of biomass to another 
and even within a single species of plant, age, climatic 
conditions, soil characteristics, mode and storage location. 
In addition, different methodologies can be used in the 
chemical characterization of biomass, which can result in 
divergent values [4,37]. 

According to Chouhan Singh and Sarma [38], the 
volatile matter content implies an increase in the amount of 
bio-oil production via pyrolysis. Low moisture content 
(<14%) and ash (<7%) mean a higher yield in the 
production of bioproducts, increasing the efficiency of the 
process and preventing secondary reactions during 
hydrolysis. In addition, excess moisture in the biomass can 
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reduce the calorific value [39] .The low levels of extracts 
favor the formation of gas and coal [40]. 

The majority chemical composition of the studied 
biomasses is similar to those reported in the literature. 
When characterizing the green coconut residue, Mariano et 
al. [41] obtained contents of 35.45% cellulose, 43.90% 
hemicellulose and 18.16% lignin. Castro et al. [42] 
quantified for babassu residue 16.07% (w/w) of 

hemicellulose, 6.94% (w/w) of cellulose and 26.58% 


Table 1: Chemical characterization of the raw biomass 


Analysis 


Raw sample 


(%) 

MC 

MB 

PC 

EC 

Moisture 

5.22 + 

0.02 

7.25 + 

0.07 

13.90 + 

0.00 

11.35 + 

0.70 

Ashes 

2.82 + 

1.70 + 

6.75 + 

0.90 + 

0.04 

0.14 

0.49 

0.28 

VM 

90.78 + 

86.70 + 

75.02 + 

77.45 + 

0.28 

0.14 

0.71 

0.35 

FC 

1.18 + 

4.40 

4.15 + 

10.40 

0.01 

+0.01 

0.01 

+0.01 

Cellulose 

30.50 

33.55 

2.35 

23.33 

Hemicellulose 

30.61 

34.11 

50.82 

23.12 

Lignin 

26.64 

29.97 

42.70 

50.25 

Extractives 

12.16 

2.37 

4.13 

3.33 

Caption: MC: 

mesocarp of green coconut; MB: 

babassu 

mesocarp; PC: 

Brazil nut shell pericarp; EC: Brazil nut 


shell endocarp; VM: Volatile Materials; FC: Fixed Carbon. 


acid hydrolysis condition used in this work, with 72% 
sulfuric acid. For the hydrolysis of mesocarp babassu, 
Lopez et al. [45] obtained high levels of glucose (up to 44 
gL" 1 ) and xylose (up to 19 gL' 1 ). 

3.2 Bioproducts 

The estimated potential of lignocellulosic raw materials 
for the production of high value-added bioproducts from 
fermentable sugars obtained in hydrolysis are shown in 
Fig. 2. Glucose was found in greater quantity in the husk of 
green coconut, resulting in the estimate of LA and FA in 
quantities of 11.22% and 4.50%, respectively. In relation to 
pentoses, the highest percentage was found in the babassu 
mesocarp (xylose content of 28%), favoring furfural yield 
(27%). The lowest yields of LA, FF and FA were in the 
pericarp of the Brazil nut shell pericarp (PC). 



Fig. 1: Glucose, xylose and arabinose content obtained 
from the acid hydrolysis of the green coconut mesocarp 
(MC), babassu mesocarp (MB), Brazil nut pericarp (PC) 
and Brazil nut endocarp (EC). 


(w/w) of lignin. For biomass of Brazil nut shells, Bonelli 
et al. [43] found holocellulose contents of 48.5%, 59.4% of 
lignin and 3.4% of extractives. 

The results confirm that the studied biomasses are a 
source of valuable carbohydrates and the extraction in 
quantities of these compounds may be commercially 
viable. Fig. 1 shows the content of glucose, xylose and 
arabinose obtained from the liquid fraction of acid 
hydrolysis. Glucose values range from 13.5-22.5% (0.518- 
0.86 g L' 1 ), xylose from 3.7-28.3% (0.14-1.1 g L 1 ) and 
arabinose from 0.62-25.75% (0.02-1.0 gL' 1 ). 

Mariano et al. [41] obtained in the liquid hydrolyzate of 
the coconut residue mainly C5 and C6 sugars such as 
fructose (27.93%), glucose (20.38%), xylose (12.91%) and 
arabinose (8.53%), after 60 minutes of hydrothermal 
pretreatment followed by acid hydrolysis with 3% H 2 SO 4 . 
Using Brazil nut shells, Morales et al. [44], obtained 8.6% 
glucose, 7.9% xylose and 3.1% arabinose, under the same 



Fig. 2: Estimated yield oflevulinic acid (LA), furfural (FF) 
and formic acid (FA) for the green coconut mesocarp 
(MC), babassu mesocarp (MB), Brazil nut shell pericarp 
(PC) Brazil nut shell endocarp (EC). 

The literature for the yields of LA, FF and FA are 
demonstrated in Table 2. The estimated income of LA was 
higher than predicted by Sweygers et al. [4] for bamboo 
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biomass, in a reaction catalyzed with 0.37 M HC1, for 3 h, 
at 160 °C. For coconut biomass, the estimated FF value 
was close to that presented by Rambo et al. [26]. The PA 
content was lower than those mentioned in table 2. 


Table 2: Literature results for experimental yields (%) of 
levulinic acid (LA), Furfural (FF) and formic acid (FA). 


Biomass 

Yield (%) 


Literature 

LA 

FF 

FA 

Coconut 

husk 

17.5 

7.0 

8.5 

[26] 

Pequi 

23.7 

65 

- 

[46] 

Coffee 

beans 

47.0 

- 

29 

[47] 

Corn cob 

- 

- 

42.5 

[48] 

Bamboo 

10.13 

2.75 

- 

[04] 


Although studies on the bioproducts in question for 
Brazil nut shell and babassu biomass have not been found, 
Cinelli et al. [49] presents results for the production of 
ethanol from babassu starch (glucose), 83% efficiency in 
converting starch to ethanol. In addition to ethanol, xylose 
can also be used for the production of xylitol, using 
specialized yeasts (DASGUPTA et al., 2017) and 5- 
hydroxymethylfurfural (HMF) [14], for example. The use 
of waste generated after the hydrolysis process also reveals 
the potential for producing activated carbon with a high 
surface area (542.0 m 2 .g _1 ) [17]. 

3.3 Pyrolysis yield 

Biochar is a valuable input in the most diverse 
industries and stands out among the main products 
obtained after the pyrolysis process. In this study, the 
biochar produced had yields greater than 80% (Fig. 3). 

The values obtained were higher than those reported by 
Gonzaga et al. [50] and Siengchum et al. [51] who found 
an average yield of 45% and 25.4 - 38.3% for the coconut 
husk biochar, in pyrolysis of 500 °C and 400-650 °C, 
respectively. However, the results were similar to that 
reported by Tsai et al. [52] of 75% for pyrolysis of coconut 
biomass at 400 °C, Ghosh et al. [53] obtained a 17% 
biochar yield from the babassu mesocarp in pyrolysis at 
750 °C. Regarding chestnut shell, Jiang et al. [54] obtained 
a yield of 44.31% by weight when pyrolysed at 750 °C. 



Biochars ^ 

F 

ig. 3: Mass yield of the biochar of the green coconut 
mesocarp (BMC), the babassu mesocarp (BMB), the Brazil 
nut shell pericarp (BPC) and the Brazil nut shell endocarp 
(BEC) produced at different pyrolysis temperatures from 
raw biomass. 

The yield of the residual solid from pyrolysis, 
according to Tsai et al. [52] show a decreasing trend as the 
pyrolysis temperature and the waiting time increase, where 
the formation of liquid and gaseous products occurs. 
According to Ortiz et al. [55] degradation reactions in 
pyrolysis with temperatures around 300 °C produce higher 
yields of biochar. Novak et al. [56] attributed the decrease 
in biochar yield to the dehydration of hydroxyl groups and 
thermal degradation of cellulose and lignin structures. Abe 
et al. [57] report that cellulose and hemicellulose are 
decomposed at around 180-250 °C, producing organic 
acids and phenolic substances. 

3.4 Biochar characterization 

The basic results needed to assess the utility of the 
biochar for use in the soil, as well as, elemental chemical 
composition, atomic proportions (H / C and [(O + N)/C]), 
ash content and higher calorific value ( HCV ), improved 
yield of biochar (BMC, BPC and BEC BMB 250 °C and 
400 °C) are shown in Table 3. In this study, biochars were 
not compared to each other. 

Biochar produced from green coconut and Brazil nut 
shell are classified as Class 2 and babassu Class 7, with 
organic carbon content (C or g) between > 30% and <60% 
and > 60%, respectively [29]. According to Lima et al. [58] 
the percentage of carbon present in the BMB-400 °C 
justifies, by itself, the use of this residue as a carbon 
source, similar to commercial activated carbons (75-85%). 
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Table 3: Physical and chemical characteristics of the biochar obtained from the fractions of green coconut, babassu and 

Brazil nut shell. 


Biochars 

Elementary composition (%) 

Ash (%) 

Atomic relationship 

pH 

HCV 

MJ.Kg' 1 

C 

H 

N 

O 

S 

H/C 

O/C 

C/N 

BMC-250 °C 

59.36 

5.56 

0.81 

29.38 

0.31 

4.58 

1.12 

0.37 

62.86 

6.9 

24.15 

BMB-400 °C 

73.27 

3.77 

0.73 

20.13 

0.15 

1.96 

0.62 

0.20 

86.03 

6.8 

27.90 

BPC-250 °C 

56.48 

6.01 

0.55 

34.55 

0.17 

2.24 

1.27 

0.46 

88.02 

7.3 

23.19 

BEC-250 °C 

57.98 

5.88 

0.57 

33.33 

0.18 

2.07 

1.21 

0.43 

87.18 

7.1 

23.69 


Caption: BMC: Biochar mesocarp of green coconut; BMB: babassu mesocarp biochar; BPC: Brazil nut pericarp biochar; 
BEC: Brazil nut endocarp biochar. C: Carbon or C 0 r g ; H: Hydrogen; N: Nitrogen; O: Oxygen; S: Sulfur; pH: Hydrogenionic 
potential; HCV: Higher Calorific Value. 


The values of the elemental chemical composition of 
the biochar BPC-250°C and BEC-250°C are similar to 
those found by Bonelli et al. [43] for the Brazil nut 
residues. For the coconut mesocarp biochar (BMC-250 °C) 
the results were inferior to those presented by Bispo et al. 
[59] for coconut pyrolysis at 700 °C. The values for the 
babassu biochar (BMB-400 °C) were similar to those 
reported by Lopes et al. [60] for a sample of the babassu 
coconut endocarp. 

The atomic ratio H/C indicates the degree of 
aromaticity of the biochar [61]. Thermochemically 
processed materials that have an H/C value greater than 0.7 
(BMC-250 °C, BPC-250 °C and BEC-250 °C) can be 
thermochemically "altered”, but are not considered 
thermochemically "converted" [29], preserving part of its 
original organic residues, such as CH 2 and fatty acids, 
lignin (aromatic nucleus) and cellulose (polar fractions) 
[62]. This property shows good biochar stability and its 
potential as a carbon sequestration agent in the soil [63]. In 
addition, Wei et al. [61] demonstrated that the H/C value 
can be a potential indicator for the mechanism of 
adsorption of organic contaminants. The BMB-400 °C 
biochar is the only one within the required standards 
(<0.7). 

The O/C ratios show that BMB-400 °C (0.2) is 
theoretically the most stable biochar, followed by BMC- 
250 °C (0.37), BEC-250 °C (0.43) and BPC-250 °C (0.46). 
According to Spokas [64], biochar with an O/C molar ratio 
of less than 0.2 are typically the most stable, with an 
estimated half-life of more than 1000 years; molar ratio 
O/C of 0.2-0.6 has an intermediate half-life (100-1000 
years); and, the biochar with an O/C ratio greater than 0.6 
has a half-life in the order of 100 years. 


The C/N ratio for the biochar produced are between 50- 
100. This ratio (C/N) is an important parameter, as it 
strongly influences the response of the availability of 
phosphorus (P) and nitrogen (N) in the soil. Gao et al. [65] 
report that the application of biochar increased the 
available P by 45% and microbial biomass of P by 48%. In 
addition, applications of biochar in combination with 
organic fertilizer have shown significant potential to 
improve the availability of inorganic N in the soil. 
However, these effects of biochar on soil are inconsistent, 
as each combination of biochar/soil type requires 
additional characterization to better predict nutrient 
retention and release [50]. The pH values found 
demonstrate that the biochar obtained are neutral in nature 
(6.8-7.3) and therefore indicated for use in the soil [29] and 
for the purpose of raising the pH [63]. 

The HCV results obtained were in the range of 23.2 - 
27.9 MJ.Kg' 1 , revealing the energy potential of these 
residues as solid fuels, since the calorific capacity of these 
biochar is similar to that of bituminous coal (27- 33 MJ.Kg' 
l ) [66]. The results found for the higher calorific value are 
consistent with those reported in the literature Jiang et al. 
[54] when the nut shells were pyrolyzed at 250 °C and 750 
°C, they obtained calorific value of the biochar of 18.88 
MJ.kg' 1 and 35.48 MJ.kg" 1 , respectively. The calorific 
value of the coconut biochar was 23.68 MJ.kg" 1 at a 
pyrolysis temperature of 600 °C [67]. For babassu, Ranucci 
et al. [68] report calorific values between 36-45 MJ.kg- 1 . 

Fig. 4 shows the Pearson's correlation r between the 
calorific value of biochar and the biomass physical- 
chemical composition.The results revealed that, for the 
parameters of the next analyzes (moisture, volatile matter - 
VM, fixed carbon and ash content), only the VM can affect 
the calorific value. Lu et al. [69] points out that calorific 
value results mainly from combustion of organic 
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compounds such as CF and VM. Therefore, the low 
content of CF obtained confirms this negative relationship. 
Brand [70] states that the calorific value decreases with 
high ash content, since mineral materials (ash) do not 
participate in the combustion process. In addition, low 
fixed carbon content and high ash yield are associated with 
low fuel quality [71]. The calorific value also decreased 
when the moisture content is high [72]. 

Evaluating the contents C, H, N, S and O, a positive 
correlation was found between the HCV and the content of 
C and N, the others showed a negative correlation. 
According to Protasio et al. [73] there is a tendency for 
HCV to be associated with higher percentage values of H 
and C. On the other hand, Ozyuguran et al. [74] 
demonstrate that H and S contents do not improve the 
performance of biomass calorific values. Protasio et al. 
[73] establish an inverse relationship between the O 
content, as the results in the present work. Huang et al. [75] 
state that high oxygen values decrease the calorific value. 
Ozyuguran et al. [74] concluded that only two parameters, 
including carbon and an extra element, nitrogen or oxygen, 
are ideal for predicting HCV. 



Fig. 4: Pearson's correlation between the physical- 
chemical composition and the calorific value the green 
coconut (BMC), babassu (BMB) and Brazil nut shell (BPC 
and BEC) biochars. VM: Volatile Materials; CF: Fixed 
Carbon; C: Carbon; H: Hydrogen; N: Nitrogen; S: Sulfur; 
O: Oxygen; Hem: Hemicellulose; FT: Total Liganin; Glu: 

Glucose. 

Correlations based on structural chemical composition 
(cellulose, hemicellulose, lignin and extractives) are not 
viable due to the variation in the properties of the 
components [73]. However, the content of cellulose, 
hemicelluloses and lignin release energy in burning [76]. 
Only cellulose showed a positive relationship with HCV, 


probably due to its decomposition rate that occurs mainly 
in the range of 200 - 340 °C, while lignin decomposition 
occurs almost throughout the pyrolysis (340 - 900 °C) [54]. 
According to Guo et al. [77] the extracted biomass 
decomposes at 250 - 400 ° C and has greater activation 
energy. The sugar content had a positive relationship with 
the HCV, corroborating with Rambo et al. [26]. 

3.5 Functional groups 

The results of the FT-IR analysis of the biochar 
produced are shown in Fig. 5. The biocharunder analysis 
have characteristics bands in the region between 3800 - 
2700 cm" 1 , which are attributed to the stretching vibration 
of the hydroxyl groups (OH) and CH. The BMC-400 °C 
sample showed a wide peak in this region with increasing 
temperature, as did the BPC-400 °C sample which a sharp 
peaks at 3829 cm' 1 , 3739 cm" 1 and 3620 cm" 1 . Jiang et al. 
[54] suggests the increase in temperature a large number of 
hydroxyls were reacted. Isitan et al. [78] attributes the 
peaks to the release of H 2 O due to the breakdown of 
hydroxyl groups of the aliphatic groups. 

The 2800-3000 cm" 1 region is associated with 
asymmetric and symmetrical elongations in the methyl (- 
CH3) and methylene (-CH2) groups [79]. The 1704 -1612 
cm" 1 bands represented the stretching vibration of the 
carboxyl groups (C=0) between hemicelluloses and lignin 
[80,81]. Bands between 1605 - 1510 cm" 1 (stretching 
vibration C=C) are associated with the position of the 
lignin band [82]. BPC showed sharp peaks in this region 
with an increase in temperature to 400 °C. According to 
Brito et al. [79] these bands indicate an increase in 
aromaticity, due to the thermal decomposition of lignin. 

The 1025 cm" 1 and 890 cm" 1 bands are attributed to the 
CH 2 scissor stretching and COC stretching into cellulose, 
respectively, these bands being sensitive to the amount of 
crystalline and amorphous cellulose [81]. In the literature 
have reported that functional groups containing oxygen, 
nitrogen and sulfur, in general, are prevalent in processes 
that involve adsorption of different types of compounds, 
including heavy metals [79,83]. Functional groups with 
these absorption bands are observed in the BPC and BEC 
at 400 °C, in the region of 2400-1800 cm" 1 . 

3.6 Approximate economic analysis 

The average yield for obtaining Biochars (BCV, BMB, 
BPC and BEC) was 91%, 88% 87% and 86% respectively, 
which corresponds on average to 880 kg of biochar 
produced, for each ton of biomass (Table 4). The market 
value considered for the gross biochar was US$ 0.23 per 
Kg for charcoal of industrial use, according to Secretariat 
of Finance, Ordinance No. 611/2015 from the State of 
Para-Brazil [84]. 
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Fig. 5: Biochar spectra: Identification of functional groups by FTIR. 


The activated biochar, from 10 g of biochar immersed 
in a solution of zinc chloride - ZnCE, at a concentration of 
10%, a maximum yield of biochar was obtained after 
activation of 82%, 84%, 86% and 88%, for BCV, BMB, 
BPC and BEC biochar respectively, which corresponds to 
850 kg of activated carbon. The price of high purity 


industrial activated carbon according to the catalog of a 
major supplier (Activated Charcoal Norit ®- Sigma 
Aldrich) is US$ 93.10 /kg. For the present study, a low to 
intermediate purity coal is considered, with a cost of US$ 
20.00 /kg. 


Table 4: Approximate economic balance of biochar and activated carbon. 




OUTPUT 



INPUT 


BIOMASS 

Cone. 

(i) 

Quantities 

processed 

Values 

(US$) 

Biochar 

Values 

(US$) 

Activated 

biochar 

Values (US$) 

MC 

- 

1 t 

- 

910 Kg 

209.30 

746 Kg 

14,920.00 

MB 

- 

1 t 

- 

880 Kg 

202.40 

739 Kg 

14,780.00 

PC 

- 

11 

- 

870 Kg 

200.10 

748 Kg 

14,960.00 

EC 

- 

11 

- 

860 Kg 

197.80 

757 Kg 

15,140.00 
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ZnCl 2 

10% 

3,000 L 

400.35 

- 

- 

TOTAL 



400.35 

809.60 

59.800,00 


TOTAL BALANCE (Output-Input) for Biochar = US$ 809.60 


TOTAL BALANCE (Output-Input) for Activated biochar = US$ 59,399.65 

(1) concentration. 


According the expenses with inputs, the consumption 
of electric energy, and considering that the biomass used 
does not have a market price, a total income of up to US $ 
59,399.65 can be obtained from the biochar produced. The 
economic benefits can also be obtained from the sale of 
bioproducts. In relation to LA, FF and FA, the theoretical 
yield possible to obtain is 11.24%, 27.02% and 4.5% 
respectively, which can reach considerable commercial 
values according to Table 5. 


The use of these residues (coconut mesocarp, babassu 
mesocarp, Brazil nut shell pericarp and Brazil nut shell 
endocarp) also brings social benefits, how to income 
generation, social and labor inclusion for low-income 
people involved in the production chain of these 
bioproducts, in addition to the economic recovery of this 
residue [85,86]. 


Table 5: Marketable bioproducts estimated from biomass hydrolysis. 


BIOPRODUCTS 


BIOMASS 


VALUE* 

(US$) 

Estimated yield (%) and estimated mass yield (g) 

MC 

MB 

PC 

EC 

Levulinic acid 

11.241(0.97) 

8.35 1 (0.72) 

6.76 1 (0.58) 

7.07 1 (0.61) 

70.00 Kg 

Furfural 

6.74 1 (0.58) 

27.02 1 (2.35) 

2.52 1 (0.21) 

5.92 1 (0.51) 

117.00 Kg 

Formic acid 

4.50 1 (0.39) 

3.34 1 (2.29) 

2.70 1 (0.23) 

2.82 1 (0.24) 

131.00 L 


^Commercial value obtained at Sigma-Aldrich. 


Successful initiatives to transform lignocellulosic 
waste into business opportunities can be found in different 
segments of the Brazilian agrobusiness [86]. The Tobasa 
Bioindustrial, for example, develops projects for the full 
use of babassu in the Amazon forest. The Biorefinery has 
150 employees and 1,500 extractivists as partners in the 
process of industrializing various products derived from 
babassu, including activated carbon [87]. 

IV. CONCLUSION 

The results found revealed the potential of the residues 
of green coconut, babassu and Brazil nut shell in 
biorefineries. The processes employed made the use of 
these biomasses more efficient and competitive, with the 
production of a greater variety of bioproducts. 

The acid hydrolysis process enables the subsequent 
bioconversion of fermentable sugars (glucose, xylose and 
arabinose) and added-value bioproducts, levulinic acid 


(LA), furfural (FF) and formic acid (FA), which are 
valuable chemical inputs in several sectors industry. 

The thermochemical conversion of the biomass of 
green coconut, babassu and Brazil nut shell with the 
objective of producing biochar is an alternative, viable 
process, for the full use of these raw materials, with the 
generation of inputs of economic interest, and can be used 
as solid fuel, soil conditioner and bioremediation. In 
addition, the process contributes to the mitigation of the 
environmental problem of final disposal of this waste. 

Therefore, the efficient use of these biomasses (green 
coconut, babassu and Brazil nut shell), points to the 
enormous social, economic and environmental potential. 
Added to this, product diversification, will for a fact have 
positive impacts on the various productive chains 
involved, benefiting society, generating employment and 
income, in addition to reducing environmental impacts. 
However, it is necessary to reflect on public policies that 
encourage the development of technologies and systems 
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that contribute to the management and energy use of these 
residues in biorefineries, in order to stimulate the 
participatory and social inclusion aspects. 
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